Introduction
Through the production and release of neurotrophic facResults tors, tissues regulate and maintain the structure and function of the neurons that innervate them (Sofroniew
NGF Injection in the Target of DRG Neurons et al., 2001). Following release, neurotrophic factors difElicited Increased Activation of MAPKs in Cell Bodies fuse to presynaptic axon terminals where they bind and
To show that NGF applied in the target of DRG neurons activate their receptor(s) (Sofroniew et al., 2001 ). There increased activity of MAPKs in DRG cell bodies, we is no consensus regarding how the signal(s) generated injected NGF (0.14 mg/kg in 100 l) into the right hindin axon terminals is conveyed retrogradely. Both vesiclefootpad of adult rats, using a method that prevented mediated and non-vesicle-mediated signal transport systemic spread. 
NGF Injection in the Target of DRG Neurons Increased p-Erk1/2 and p-p38 Immunoreactivity in Cell Bodies and Axons
The diagram (upper right) depicts the sites at which data were collected. (A, F, and K) In saline-injected animals, immunoreactivity for p-Erk1/2, p-p38, and TrkA was detected predominantly in neuron cell bodies of small to medium size (i.e., 250-750 m 2 ). (B and G) NGF treatment increased markedly p-Erk1/2 and p-p38 immunoreactivity in small-to medium-sized neurons. Relative to saline-injected controls (C and H), NGF injection markedly increased immunostaining for p-pErk1/2 and p-p38 in axons (D and I). In (E), (J), and (K), neurons are plotted data for the cell body area and optical density of immunostaining in individual DRG neurons. Neuron cell bodies that exhibited a nucleus in the plane of the section were outlined, the area of their cell body was defined, and optical density (OD) was measured, all using NIH image. Scale bars, 100 m. Figures 1G, and 1J ). On the vehicle-NGF was detected in bright puncta distributed throughinjected side, the average OD was 40 Ϯ 0.3 (N ϭ 3; n ϭ out the cytoplasm of DRG neurons (Figures 2A and 2B ). 34), while on the NGF-injected side, it was 78 Ϯ 0.2 (N ϭ TrkA was partially colocalized with NGF (Figures 2A and  3 ; n ϭ 36) (p Ͻ 0.01). Of note, p-p38 was colocalized 2B, merged and zoomed images). We examined the extensively with p-Erk1/2, in that 77% Ϯ 6.4% (SEM) of extent of colocalization (see Experimental Procedures) p-p38-positive cell profiles were also positive for and found that, of the pixels positive for NGF, 50.5% p-Erk1/2 (N ϭ 2 animals).
(Ϯ3.8% [SEM] ; N ϭ 3 cells) were positive for TrkA; this In both vehicle-and NGF-treated DRGs, we frequently extent of colocalization was significantly different from noted bright immunostaining for p-Erk1/2 in profiles that random (p Ͻ 0.001). In addition, more than 82% of NGFappeared to rim neuron cell bodies ( Figures 1A and 1B) . positive pixels were also positive for Rab5B, a marker We ascribed these profiles to satellite cells, because for early endosomes (81.7% Ϯ 1.5%, N ϭ 3; p Ͻ 0.001) we found immunostaining for BIP, a marker of the ER ( Figures 2C, 2D , and 2DЈ) (Gorvel et al., 1991). Next we (Hamman, 1998), in the p-Erk1/2-positive rimming proexamined components of the Erk1/2 signaling pathway. files (data not shown). The apparent increase in p-Erk1/2 80.1% (Ϯ3.8%, N ϭ 3, p Ͻ 0.001) of p-Erk1/2-positive staining in satellite cells that followed NGF treatment pixels were also TrkA positive ( Figure 2E ) and 41.2% of has been seen previously (Averill et al., 2001).
TrkA-positive pixels (Ϯ2.5%, N ϭ 3, p Ͻ 0.001) were also B-Raf positive ( Figure 2F ). In addition, p-Erk1/2 was Evidence for MAPKs in Early Endosomes colocalized with B-Raf (49.2% Ϯ 3.9%, N ϭ 3, p Ͻ 0.001) in DRG Cell Bodies ( Figure 2G ) and Rab5B (66.4% Ϯ 7.0%, N ϭ 3, p Ͻ 0.001) p-Erk1/2 colocalized with TrkA and Rap1, a member of the Ras family that mediates persistent NGF signaling ( Figure 2H ). Although the antibodies available did not allow for studies to colocalize TrkA and Rab5B, the exEffect of NGF Treatment on Activation of MAPKs in Axons: Evidence that p-Erk1/2 Were tensive overlap of staining for these markers with p-Erk1/2 suggests that they were colocalized. As a con-
Present in Early Endosomes
If the NGF signal is moved retrogradely in signaling entrol, we detected no colocalization of p-Erk1/2 and CGRP ( Figure 2I ) (p ϭ 0.45), a neuropeptide marker of dosomes in axons, there should be evidence of the existence of these structures and of their induction by NGF the secretory pathway (Gulbenkian et al., 1986). We also noted colocalization of p-p38 with p-Erk1/2 (data not treatment. To assess this, we examined whether NGF causes activation of p-Erk1/2 and p-p38 by immunoshown). These data are evidence that in DRG neuron cell bodies NGF, TrkA, and p-Erk1/2 as well as p-p38 staining studies on axons. p-Erk1/2 were present in bright puncta distributed along axons in both vehiclewere present in early endosomes. Figures 1C and 1D) . NGF treatment increased immunostaining intensity for p-Erk1/2. The number of p-Erk1/2-positive puncta in NGF-treated nerves was 167% Ϯ 39% (SEM) (p Ͻ 0.01, N ϭ 3 animals) of the vehicle control. p-p38 was also present in puncta in sensory axons ( Figures 1H and 1I ) (NGF treated was 191% Ϯ 44% of vehicle treated) (p Ͻ 0.01, N ϭ 3). We conclude that NGF treatment increased activation of p-Erk1/2 and p-p38 in the axons of DRG neurons.
Next, we asked if pErk1/2 were present in early endosomes in the axons of untreated animals. Most p-Erk1/2-positive puncta were positive for Rab5B (78% Ϯ 8% [SEM], n ϭ 176 in 3 axons) ( Figure 2M ), TrkA (93% Ϯ 7%, n ϭ 159 in 3 axons) ( Figure 2K ), and Rap1 ( Figure  2L ). Trk and Rap1 also showed colocalization ( Figure  2J ). These immunostaining studies give evidence that TrkA and p-Erk1/2 are present in early endosomes in axons.
Evidence that Early Endosomess Are Retrogradely Transported in DRG Neurons
The presence of p-Erk1/2 in early endosomes raised the possibility that these organelles are used to retrogradely 
The p150
Glued subunit of dynactin showed significant coltem for examining transport, it involves certain disadvantages. First, it is difficult to separate retrogradely ocalization with that for TrkA in DRG neurons ( Figure  3F ; 37.0% Ϯ 2.3%, N ϭ 3, p Ͻ 0.001).
transported membranes from other membranous structures. Second, the trauma induced by ligation causes To show that Rab5-positive endosomes are moved retrogradely in axons, DRG neurons in culture were ischemia and local injury that could induce changes in signaling (Gurd, 1997; Nagatsu, 1978). Accordingly, we transfected with a construct encoding Rab5A-GFP, a protein that colocalizes with Rab5B and binds to EEA1, developed an alternative method, based on earlier studies (Viancour and Kreiter, 1993) , in which the isolated another marker of early endosomes (Callaghan et al., 1999). Using time-lapse imaging, Rab5A-GFP was seen sciatic nerve (i.e., the sciatic nerve chamber) was used for studying axonal transport of vesicles (Figure 4 ). in bright puncta in both cell bodies and processes (i.e., axons) ( Figure 3G ). In cell bodies, puncta changed direc-NGF has been shown to be present in signaling endosomes isolated from PC12 cells (Howe et al., 2001 ). To tion frequently. In contrast, puncta in axons moved only toward cell bodies. There were few pauses, and the test whether NGF transport could be used to mark these organelles, we asked if NGF was retrogradely transaverage rate of movement was 0.34 m/s (Ϯ0.09, n ϭ 20 puncta), a speed compatible with earlier studies on ported in the isolated sciatic nerve. Ten hours after foot- was present with Rab5B in the proximal collection (Figure 5E ). In contrast, Rab4, which marks recycling endoof counts were TCA precipitable. As evidenced by the failure to detect increased NGF in the distal bath when somes (Sheff, 1999) , was present essentially only in the distal collection. We tested for proteins that mark other the chamber was held at 37ЊC ( Figure 2B ), the movement of NGF in the nerve was essentially exclusively retrocellular compartments. BIP, an ER marker, was not detected in either collection. We also failed to detect Rab7, grade.
NGF uptake into the nerve was due to a receptora marker of late endosomes (Rabinowitz et al., 1992), or LAMP2, a protein found in lysosomes (Holcombe, mediated process, because the nerve was devoid of labeled NGF when a 500-fold excess of unlabeled NGF 1993) (data not shown).
TrkA and p75 NTR as well as Erk1/2 and p-38 were found was coinjected (data not shown). NGF retrograde transport was dependent on intact axons since transport in both the proximal and distal collections ( Figure 5E ). B-Raf was also present in both, confirming that it is is blocked by nerve crush ( Figure 5C 
I-NGF was again de-
The contents of the proximal collection did not appear to be due to Schwann cell contamination. The amount tected in the proximal bath and in the most proximal segment (i.e., segment 2) ( Figure 5D ). Taken together, of S100␤, a Schwann cell marker (Grafstein and Forman, 1980), in the proximal collection after 8 hr incubation the results show that retrograde transport of NGF, initiated by receptor-mediated uptake in the intact animal, was compared to the amount in a 5 mm segment of nerve (i.e., the length of nerve from which axoplasm continues in the isolated sciatic nerve and is dependent on temperature and on intact axons and microtubules. was expressed) that had not been incubated in vitro. A sample representing 5% of the protein in the homogeOur experiments allowed us to estimate the speed of retrograde transport of 125 I-NGF in the sciatic nerve. The nate contained much more S100␤ than a sample containing 50% of the protein in the proximal collection estimate derives from the evidence that transport appears to have persisted during all or most of the 8 hr ( Figure 5F ). Using the same analysis, much more Rab5B was present in the proximal collection. period and that most of the counts were delivered to the bath and proximal segment during this period. Since An OptiPrep density gradient (25%:20%:15%:10%:5%) was used to purify organelles (modified from Sheff, during incubation essentially all of the counts present in segment 4 had to move at least to segment 1, a 1999). Fractions were collected at each interface and in the middle of the 20% element. As expected, Rab5B transport rate of 3 mm/hr, or 0.8 m/s, can be calculated. This rate is consistent with measurements of axonal and EEA1 were present exclusively in fractions 4 and 5 continued to accumulate beyond 4 hr (D). (E) After 8 hr of incubation at 37ЊC, the proximal collection and the distal collection were submitted to SDS-PAGE. While they contained the same amount of total protein (n ϭ 3, result is mean Ϯ SEM normalized to the proximal collection), p-TrkA (n ϭ 3), p-Erk1/2 (n ϭ 7), and p-p38 (n ϭ 2) were much greater in the proximal collection. (Sheff, 1999) (Figure 6A ). EM analysis of these fractions tion from animals injected with radiolabeled NGF was subjected to fractionation. Fractions 4 and 5, which conshowed only uncoated vesicles ( Figure 6B, fraction 4) . Membranes of similar size ( Figure 6C ) and description tained early endosomes, were found to contain virtually all of the labeled NGF (i.e., 88%) ( Figure 6A ). To test if accumulated in the proximal and distal nerve segments after incubation ( Figure 6B , segment 1 and data not NGF was bound to TrkA, the pelleted membranes of the proximal collection were lysed and an antibody against shown), while very few vesicles were detected in the middle segment ( Figure 6B, segment 3) , indicating both TrkA was used to immunoprecipitate the receptor and any bound NGF. The TrkA immunoprecipitate contained the anterograde and retrograde movement of vesicles within the isolated nerve. Other structures were rarely 43% (Ϯ10%, n ϭ 3) of the counts in the proximal collection, and when submitted to SDS-PAGE and autoradiogdetected in fractions 4 and 5; mitochondria were seldom seen, multivesicular bodies (MVBs) were rare, and there raphy showed a single band at 13 kDa, the molecular weight of the NGF monomer ( Figure 6E ). This band was were no myelin fragments or other debris. IEM staining of negatively stained grids confirmed that Rab5B was not present when radiolabeled NGF was injected together with a 500-fold excess of unlabeled NGF. The present on membranes of the proximal bath ( Figure 6D ) and provided further support that the proximal collection nonimmune IgG control immunoprecipitate showed no counts above background (n ϭ 3). We conclude that contained early endosomes.
NGF was retrogradely transported within early endosomes, that it was intact, and that at least some of this Rab5B and the Activated Forms of TrkA, Erk1/2, and p38 Were Retrogradely Transported NGF was bound to TrkA. -ID, p-Erk1/2, and p-p38. Antibodies were visualized using gold-labeled secondary antibodies. Note in the Trk-ID/Rab5B panel, a vesicle stained for both Rab5B (5 nm particle) and TrkA (10 nm particle). There was no immunolabeling in experiments in which only the secondary antibody was applied. The results are typical of many vesicles examined in each of two or three separate experiments. Note that the techniques used resulted in flattened membranes with irregular edges, making it difficult to determine shape and size Nevertheless, the smallest dimension of individual profiles measured about 60 nm, and the largest 500 nm. On occasion, we detected large, dark, irregularly shaped inclusions that represented trapped metal. (E) Rats were injected in the footpad with 125 I-NGF or with 125 I-NGF plus a 500-fold excess of unlabeled NGF. Ten hours later, the sciatic nerve was sectioned and placed in the chamber for 8 hr at 37ЊC. The proximal collection was lysed and immunoprecipitated with an antibody to TrkA (mTrk), and the sample was analyzed using SDS-PAGE followed by autoradiography for 2 weeks at Ϫ80ЊC. and p-p38 (2.68 Ϯ 0.10, p Ͻ 0.05, n ϭ 3) ( Figure 8A ). Only When the proximal collection was treated with 0.01% Trimodest increases were found for Erk1/2 (1.42, relative to ton X-100 before applying antibodies, there was immunovehicle), p-38 (1.37), and Rab5B (1.44) ( Figure 8A ). To reactivity to both the intracellular and the extracellular test the effect of increasing NGF in the target of innervadomains of TrkA and p75 NTR (data not shown). In double tion on other signaling pathways, we tested the PI3K IEM studies, vesicles immunoreactive for both Rab5B and pathway by assaying for the activated form of Akt (i.e., TrkA were detected ( Figure 6D ). Vesicles bearing pErk1/ pAkt) and noted increased p-Akt activity following NGF 2 and p38 were also identified. Thus, TrkA and signaling injection ( Figure 8B ), but only in the proximal collection. proteins activated by NGF are present at the cytosolic To further test that target levels of NGF regulate retrosurface of endosomes.
grade signaling, we injected antibodies to NGF in the target. We isolated the nerve 10 hr later and placed it Elk-1 Was a Substrate for p-Erk1/2 in the chamber. Following anti-NGF injection, the levels in the Proximal Collection of p-Erk1/2 were markedly reduced (0.36 Ϯ 0.10, p Ͻ To examine the signaling capacity of the proteins in 0.01 relative to nonimmune serum-treated nerve, n ϭ 3) the proximal collection, we tested whether Erk1/2 can as was the level of p-p38 (0.50 Ϯ 0.09, p Ͻ 0.01, n ϭ 3) phosphorylate an Elk-1-GST fusion protein in an in vitro ( Figure 8C ). Taken together, our data are evidence that kinase assay. Elk-1 was phosphorylated by the proximal the level of NGF in the target regulates the amount of collection ( Figure 7B nerve into a tissue culture bath it might be possible to Because in our studies NGF was delivered only to the collect retrogradely and anterogradely directed memtarget of DRG neurons, the increased p-Erk1/2 and brane traffic. Distinctly different patterns were detected p-p38 seen in axons and cell bodies had to arise from for the proteins that accumulated in the proximal (i.e., signaling events that were initiated at axons terminals retrograde) and distal (i.e., anterograde) collections; and then moved retrogradely. In exploring how the sigearly endosomes, as marked by both Rab5B and EEA1, nals were moved, we noted that in a recent study were enriched in the proximal collection. To test the p-Erk1/2 was present in clathrin-coated vesicles isophysiological properties of the isolated sciatic nerve, lated from NGF-treated PC12 cells (Howe et al., 2001) .
we studied the retrograde transport of NGF and found Clathrin-coated signaling endosomes are an excellent that it was transported in membranes and that its transcandidate for the signaling endosomes that may be port required the presence of intact microtubules. These formed in axon terminals, but since these vesicles are observations pointed to the utility of the isolated nerve short-lived intermediates, they are not suited for the preparation for characterizing NGF trafficking and siglong-distance transport of the NGF signal. Early endonaling. somes could play this role. Rab5, a marker of this organelle, is present in axons and has been shown to mediate axonal endocytosis (de Hoop et al., 1994). Moreover, Signaling Endosomes Were Collected from the Isolated Nerve the pH profile of retrogradely transported endosomes includes vesicles whose slightly acidic pH is that exUsing the sciatic nerve chamber, we tested the signaling endosome hypothesis, examining the possibility that pected for early endosomes (Overly et al., 1995) . Additional support for this view is that activated TrkA was early endosomes could serve this role. NGF was present in membranes that fractionated with the properties of recently shown to be associated with activated Rap1 and p-Erk1/2 in the early endosomal compartment in early endosomes. In immunoprecipitation studies, NGF was shown to be bound to TrkA. IEM studies confirmed PC12 cells (Wu et al., 2001 ). In the current study, we characterized the localization of endogenous NGF, TrkA, that TrkA was present at the surface of early endosomes and provided evidence that these membranes also disp-Erk1/2, p-p38, and Rab5B. All were found in discrete puncta, and there was evidence of extensive colocalizaplayed p-Erk1/2 and p-p38 on their cytosolic surface. Significantly, p-TrkA, p-Erk1/2, and p-p38 were each tion. It was noteworthy that about 80% of pErk1/2 pixels were also positive for TrkA, raising the possibility that present in the early endosome-containing fractions, together with other components of these signaling pathendogenous NGF plays a major role in regulating signaling to membrane-bound pErk1/2 in TrkA-expressing ways. Moreover, the retrograde transport of p-TrkA and p-Erk1/2 was very similar to that of NGF with respect DRG neurons. In addition, TrkA, p-Erk1/2, and Rab5B were routinely localized near microtubules and were to both rate of accumulation and dependence on intact microtubules. In our studies using and sections were incubated overnight at 4ЊC. Secondary antibodies submitting the TCA-precipitated sample to SDS-PAGE followed by were applied together for 1 hr at room temperature before washing silver staining, using the protocol recommended by the manufacovernight in PBS at 4ЊC. Images were captured using a Nikon Eclipse turer (Geno Technology, Inc [St. Louis, MO]). Total protein content E800 microscope and a Radiance2000 confocal scanning system was determined using densitometry, as described above. swab. Images were collected every 10 s at room temperature with The mixture was warmed to 30ЊC for 30 min. The reaction was a confocal microscope as described above. terminated by adding 25 l of SDS-PAGE loading buffer, boiled, then subjected to SDS-PAGE and immunoblotting for p-Elk (1:1000). 
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